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Abstract

The fast and slow cookoff behaviour of @ series of in-service and research composition
rocke! propellants have been evaluated using *he standard SSCB (based on the NWC
design) test, as part of a program in Explosives Ordnance Division (EQD) to develop an
extensive insensitive niunitions technoiogy base. A modified SSCB test methodology.
whereby the pressure output can be measured, was developed to enable a more quantitative
measure of the reaction viclence and to provide further insight into the cookoff mechamsm.
The temperature distribution/gradient at various positions and depths i the culindrica:
propeliant specimen, during fast and slow cookoff. were measured. 1n order to understand
the marked difference in the severity of the response shown by some of the propellants
when the heating rate was changed. Pressure and heating rate dependent thermochemical
properties and thermomechan:cal properties of the propellants were measured and
correlated with conkoff behaviour.
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Correlation of Cookoff Behaviour of
Rocket Propellants with
Thermomechanical and Thermochemical
Properties

1. Introduction

Insenstive Munitions (IM), detined in paragraph 6 of the draft Defence Instruction
General [DI(G)] on "Insensitive Murutions Policy and Impiementa*i- n [1], is an
area which is assuming significant importance in Australia. The Australian
Defence Furce (ADF) is 1in the process of adopting an official policy on IM
promulgated through a DI(G). currently being revised for final submission
Explosive ordnance (EO) in inventory and those being introduced into service are
to be assessed against the IM response criteria listed in Annex A of the DI(C) [1].
The potential threat areas in which munitions arc required to meet IM critena
include:

(1) Fast cookoff (fuel fize)

(2) Slow cookoff

(3) Bullet impact

(4) Fragment impact

(5) Spall impact

(6} Shaped charge jet impact
{7) Electrostatic discharge
(8) 12 metre safety drop

(9) Sympathetic detonation

The first four IM qualification tests are mandatory, the pass criteria being "no
response more severe than burning”.
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The KAN s the most proactive Service for adoption of IM. Sloww and fast
cookoff are technology shortfall areas highlighted in a recert RAN discussion
paper onInsensitive Murutions Acceptance Criteria and Tests™ (2], For example,
realistic heating rates appropriate to a given threat scenario and hazard respcnse
criteria need to be identified. One of the aims of the present study 1s to obtain a
better fundamental understanding of cookoff mecharusms. i order to help
alleviate these technology gaps

Small-scale laboratory tests that can predict the response ol energetic matenals
to cookoft are very desirabie as they provide a cost effecuive, simple and very
quick means ot assessing the response of the energetic component of the munition
ta cookotf. Small-scale tests are also convenient for conducting tundamental
studies of the :mportant factors that control cookoff induced reactions

A super small-scale cookoft bomb (55CB) test facihty, based on the Naval
Weapons Centre (NWC) design [3). has recently been established at MRL (4] for
assessing the response of explosives to fast and slow cookoft  In the present
study, the cookoff behavicur of several typical in-service and 1esearch
composition rocket propellants was assessed using the SSCB test, as partof a
program to deveiop an extensive IM technology base on solid propellants A
modified version of the standard SSCB test was also used here to enable a more
quantitative measure of the reachion violence (via a pressure transducer) te be
obtained, and thus provide a more scientific basis tor predicting the hazard
response of munitions. In the standard SSCB test, the reaction: violence 1
deterrmined mainly by the extent of damage to the vessei. However, 1t 15 often
difficuit lu assess the severnity of the test response, because the boundaries
between the various levels of reaction are not distinct  The dafficu'ty caicbe
partially ehminated by using the modified SSCB, where the pressure/energy
output is measured. Modification of the standard S5CB did not alter the test
response or the reaction tempaerature and time

Although the propellant size/geometry used i1n the SSCB test 1s much smaller
than the propellant charges used in the in-service rocket motor, this smail-scale
test can be expected to be useful in ranking the response of different propeliants
1t should be noted that the critical diameters for a deflagration-to-detonation
transition {based on simular propellants; of the HTPB/RDX, HTPB: PETN and cast
double base (CDB; propellants used 1n thus study are smailer thar the diameter of
the specimen used in the SSCB test, but the HTPB AP and HTPB. AN propellants
have much larger critical diameters. The critical diameters of the HTPB. AP
propellants exceed 200 mm, 1 e. larger than the charge diameter of most in-service
rocket motors in the ADFinventory. A self-sustaining detonation reactior cannot
thereiore be achieved in full- and small-scale testing of these propellants

Although there have been numerous studies on the characterization o! tre tast
and slow cookoff behaviour of energetic matenials [3-6], hittle detailed information
is available on the pressure and temperature dependence of the physice-
mechanical and chemical kinetic parameters of the energetic material and the:r
relation to cookoff behaviour. The development of satisfactory prediction
methodologies and modelling tools requires the physico-mechanical and chem:ca!
kinetic properties to be known as a function of temperature, pressure and beating
rate. Forexample, 1t 1s important to know the phase changes in the propellant as
a funchion of temperature because the grain geometry is dependent on the
phase./slate changes with temperature.  In this study, the coukotf behas wour of
rocketl propeliants, with wideiv differen: thermomechanical and thermochemical
properhes, was assessed using the standard ard modified SSCB tests. The
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cookoff behaviour of these propellants a5 correlated with pressure and heating
rate dependent chemical kinetics and thermomecharucal prapertie:. The
propellants tested in these small-scale tests will also be used in motars in full-scale
testing, to enable a direct comparison to be made of the relevance of the SSCB test ® ®
to cookoff effects in rocket motors.

@
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2. Experimental

2.1 Materials

The composite propellant tyvpes, cast double base propellant (CDB:, and their

compositions are listed in Table 1 Heats of explosion (calonimetric values) of

these propellants were calculated from the weight fraction and calorimetric value 4 g
of each of the propellant ingredients (estimated from the heats of formation and

combustion at constant volume) and are listed in Table 2

Table 1: Propellant compositions

: ° °
Propellant Ty pe Binder Prepciyvmer Curatine Pissticizer Oxidiser
tWeight % 1Weight *ai
Cemposite
HTIB AP0 80) Hydroxyterm nated DDl AmmoniuT perchlerate (80%)

polybatadiene

Hard HTPB/ AP} (12 88, 48 Ammorium perchiorate (3%
Sott HTPB- AP (12 88) : A0 Ammonium perchlorate (88°¢)
HTPB PETN 120 50: . IPDI Pertaervirritoi tetraritrate (S0°)
HTPB. RDX (20 83} - DDI Cyrclotrimethylene truitramine (80%:3
Double Base
CD8B Nitroceliulose-Nitraglveerine
142 %6 weight %o} L L4

Note i Dioctviadipate was used as the plasncizer
2 Oxidiser part.cle coarse, fine ratio = 63/ 35; coarse -2 um.

fine -16um
® L
Table 2: Heat of explesion of propellants
Propellar: Type Heat ct Eaplos:on
kg ® L
Hard HTPB/AP (12 88) 6290
Sof: HTPB- AP (12 88 6259
HTPB. AP.20 80, 4611
HTPS/RDX 120 8 2286
HTPB. PETN (2080 2943
HTPE. AN 12087, '-
CcD8 g g
[ o




The thermochemicai and mechanical properties of these propeliants were varnied
by varying the onidiser type and loading level, and the plasticizer level
Hydroxy-terminated polybutadiene (HTPB). cured with IPDl or DDI, was used as
the binder in all the rubbery composite propellants.  The onidiser particle size and
coarse,’ fine ratio (657 35) were upproumately the same fo. all the composite
propellants studied here. All the propellants were made by standard processing
techniques as described previously [7.8).

The processed propeilants were machined into ¢y hindnical peliets ot 1o mm
diameter and >4 mm length, with a mass of approximateiy 20 g tor the S5CB test

2.2 SSCB Test

The design of the standard SSCB test has been described in detaii in reference [3]
Tests were conducted on ali the samples at both fast (ca 1.2°C s7) and slow (ca
(¢ 1°C s !) heating rates  For these tests, the measured temperature in the slot for
the thermocouple (Type K) in the aluminium hner was assumed to be sim:lar to
the propellart surtace temperature.  This assumpt:on 1s vahid at the slow heating
rate, where the ditferences between the measured temperature and the propeliant
surtace temperature werc minimai, there never being more than 2°C d:lierence
between these two locations at any one time tsee Sechion 3.2

For ali the propellants, tests were also conducted using a modined S5CB vessel
which enatbles the pressure devetoped duning cookoff to be measured  The
standard test was Inodified Dy repiacing the seaiing piug oM the top o the test
assembly with a stainless steel pipe whuch connects to a pressure transducer,
Kistler tvpe 02C7A  The quartz pressure transducer used m this studyv has a nise
time of 1 us and a sensitivity of -1.2 pC/bar, and can only measure dyvnramic or
quasistatic pressures. A shield was used to mount the pressure transducer and to
protect it from the biast. A diagram of the modified SSCB 15 shown in Fig 1

Studies on the temperature gradient/distribution in some of the propeilants
during fast and slow cooholf were conducted by placing thermocouples at six
ditferent locations within the SSCB - The thermocouple positions are indicated 1n
Fiz. 2. The thermocouples were connected to a Datataker 500 data logyer which
has 30 analog channeis

2.3 Thermomechanical Measurements

Dyvnamic Mechanmical 1DMTA; properties of the propeilants were measured using
a Rheometrics Mechanical Spectrometer. Model RDAZ [9)  Measurements were

made 1n a forced shear mode us:ng a rectangalar torsion geometry - The analvsis
was made vver a temperature range of -120°C to 109°C using a temperature step

size of 3"Cand a test requenwy of 3 1rad s he glass transihan teinperalure,

T,. was determined from the temperature at which the shear loss modualus, G

£
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.
2.4 Thermal Mcasurements .
]

Thermal measurements were conducted using a Du Pont miodei 910 Ditterential

Scangung Calonimeter (DSC) over the pressure range 0 1 o 22 MI'a - The samples Y ®
(2 my to 4 my" were heated over the temperature range 30°C 1o 400 C at heating
ratesof 5°C m:n & and 20°C nmun ! &

Kinetic parameters ot the thermal decomposition were calculated trom a single
DU thermogram using the foilowing equations to reproesent thve eatent ¢l
decompusition and thar temperature dependence

® ®
mh=-nida dty+nind-a; e
and k= Aets kT (N
where ks thcrate constant. da “dts the rate of reaction = dHodixt A it o A4 ®
= peak heghtata given ime and A = totai area under the thermogram peaky a s
thedegree ot corversionia = 1Ay Howhere Has the area under the
thermogram peak trom ime = U to o giveto ime =t nos e reacton order As
the pre-exponential tactor £ s the actnation energy . R s the pas constant and 1
1> e absolute temperature Combiniy equations drand -2 gves PY °

Intda dt; =nlnd-ar-E, RT - InaA RE
Equation (3ihas the torm £ = 154 Ly« vy where Bvtda “dons the dependent
vanable, Inti - a)rand i Tare the independent vanables and n E, ‘Rand in A are

the constantst, - and faespectivel,  Hence, the bestvaives ot i B, Randin A [ ] ® [ )
can be deternuned by a muitilinear regression analy sis

3. Results And Discussion ° °
3.1 Coohkoff Response of Propellants

The covkot? behaviour of the propellants studied here have been assessed using
the standard and mad:hed SSCB test - Some sull frames trom 3 normal speed (24

trames per sevond; video tanen dunng small-scaie cockott testing of the hard ¢ o
HTPB AP {12 85 propeilant are shown in Fig 3a-f  Thev show the sequence of
events dunng smali-scale cookott testing  The test response here is an expiosion:
The tast and slow cookoit test responses of the propeilant. are summanized
Table 3 Reaction temperature and timie, at the slow and fast heating rates, are
shownon the emperature tmc profdesin Tigs $and 3 L ®
The propeiiants can be ranked, in decreasing order. according to therr reacton
vivience as ilow s (propellantsin the same baxdhave a similar ranking)
L4 L]
_ L] L ]




| ]
1 Fast Heanrg Rate . Siow Healing hate , I
[Rard HITh AT (17 86) T Hard HITE AP (02 &% ' 2
1 e . : ® L
[TATPR-PETN (20 &: I HTPR 'PETN 20 802 .
| HTTB AP0 80 ' HTTB, RDX (2C 80) .

1
| Soft HTTB "AT (12 86; ! Solt HTPB, AP (1288) -
- T HTPB AP (¥ :

HITE RDX (20 &0 DR o ° Py
1 ! HTPB. AN (20 %0, 1
| : )
; COB i 1

LHITE AN 20 0.

In general, the trends are siular at the fast and siow rates except for the o b
HTPB. RDX {20 &; propeliant which showed a violent deflagration. exploston
reaction at the siow rate but a burning reaction at the fast rate. The very marked
duterence in the severity of test response shown by the HTPB RDYX (20 828
propellant, when the heating rate was changed, ™2y be explained by the different
temperature distnbution in this prepellant during tast and slow cookolt (sev
Sectiop 32)

Tuble 5. CovAutt response (35UCBJ ot propeliants

Fropeiiant Tope Heating Raze Tempetature °C: Tume vmin- Reypninse L L L
Hard HIPE AT Fast 328 un Dedagratior
(12 881

Detiagiation. Explosion
& ¥
Sicw 23] 1% e De Exposicr

;e HITS AT Fast N HANN Hegs
‘S;x: s, s 3 Dxelfisgration Py Py
Slow 23] dei 2 Deflagranon
HTPB Al Fast 33 108 Defiugration. Explocion
12380 Deflagraticn
Explosion
Slxw 23 >T0w Deflagzation
® [ ]
HTPB 'RDy Fact 7T o Burmng
123 80 Rurmung \Mud burrung
Sloss 201 e Defagrator
Deflagzanon. Expiosion
HT"8 PLTN Fast 2ue 45 Deflagrauion -
23380y Detlagration, Explosion - ®
Sie i 27 Lietagrancn
Eapicsion
HTPB “AN Fasi 371 T2 Mud burmung
[P ND) Burrung
Slow 238 3} Maid rurrang Burming
oB Fa« 204 4 Midrurrng Burning [ J L4
b, .

Mild busiang
Slow 1¢) [ M.id barmung
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SMALL SCALE FAST COOK-OFF .
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Figure 4: Temperature-t:me nrofile of propeilants. fast heating rate
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At both the fast and slow heating rates, the hard HIPB/ AP (12:88) propellant
showed the most violent response, presumably a result of its relatively high heat
of explosion (see Table 2), which is one of the many factors goverrung cookoff
response. When the plasticizer level of the HTPR/ AP (12:88) propellant was
increased, the severity of the response was moderated. The soft HTPB/AF
(12:88) propellant has more flexible/ extensible characteristics but its calorimetric
value is almost identical to the hard HTPB/ AP (12:88) propellant. The
mechanism by which plasticizers decrease the level of test response is not weil
understood. Determination of the thermomecharucal properties of these
propellants (ambient to 120°C) using DMTA showed that the highly plasticized
propellant 1s less viscous at hugher temperatures (see Section 3.3).  The less
viscous propellant, beczuse of its greater flow, i1s also harder to initiate i e longer
wnitiation time (F1gs. 4 and 5)

The CDB propellant show=d a surprisingly mild response at both heating rates,
although its calorimetric vaiue is simila: to the HTPB, A)’ (20:80) propellant (see
Table 2). The mild response may be related to the hughly plasticized nature of
tus CDB propellant, whuch contains 45 weight % of rutroglycenine in the
formulation. The HTPB/ AN (20:80) propellant also showed a comparatively
muld cookoff response at both heating rates. Thus may be due to its favourable
thermal properties, where a laige part of the decomposition 1s endothermuc (see
Section 3.4 and Fig. 10d)

The pressure-time profiles of the propellants, at the fast and slow heating rates,
are illustrated in F1g 6a and b (note that the start of the pressure-time piots have
been offset for clarity). In this new methodology, using the pressure-time data
from the modified SSCB test, the initial rate of pressure rise (i.e. the irutial slope
of the pressure-time plot) 1s reiated to the rate of energy release and gives some
indication of the likelihood of z violent reaction occurring The impulse (area
under the pressure-time plot) is a measure of the total 2nergy released during the
reachon and therefore, must also be related to the extent of damage. Averege
values from 2 - 3 measurements for the peak pressure, initial pressure rise
(dP/dt), and impulse are Listed in Table 4. 1t is important to note that, depending
on the propellant, the time scale of the measured pressure 1s 80 to 700
microseconds 1.e. the time taken for pressure rise and buildup is very small in
comparison to the time taken to deform.damage the SSCB test assembly. Thus,
peak pressures above the calculated burst pressure of the SSCB test assembly (ca.
73 MPa) can be measured.

At both the fast and slow heating rates, the initial pressure rise for an explosion
is relatively hugh (4P dtis ca 3 x 10* MPas') and the initiation pressure and
impulse exceed 750 MPa and 0.52 MPa.s respectively te.g. the hard HTPB/ AP
(12:88) propeliant).  For test responses which he between deflagration and
explosion (e.g. HTPB'AP (20:80) and HTPB./PETN (20:80) propellants at the fast
keating rate), the initiation pressurc is 300 to 500 MPa and the unpulse 15 0.075 to
0.096 MPas. For deflagration reactions, the measured impulse (e.g 0.055 MPas
for the soft HTPB. AP (12:88) propellant at the fast heating rate) :s lower than that
for a deflagration/explosion reaction but the peak pressure is in the same range
(300 to S00 MPa).

16




Table 4: Measured pressures from modified SSCB

Propellant Type Heating Rate Peak Pressure Impulse dP/dt
MPa) (MPas) MPash

Hard HTPB/ AP Fast >800 >6.0x 107! 35x 100
(12:68) Slow
Soft HTPB/ AP Fast 460 S6x 107 028 x 10¢
(12:88) Slow
HTPBAP Fast 355, 362 91x107 23x100
(20:80) Slow
HTP8/RDY Fast 13¢ Izx1c? 33x100
120 801 Slow 505 S6x10 €6x10°
HTPB/PEIN Fast 432 76x107 17x 108
(20 80) Slow 164 69x107? 58x 100
HTPB/ AN Fas: 425 35x 109 12 10°
{23:80) Slow
D3 Fast 55 132107 262108

Slow

[ J L J
Tne modified SSCB test is usefui in separaung propelilants whch showed similar

damage to the SSCB test assembly. For cxample, the HTPB/RDX (20:80),
HTPB/ AN (22:80) and CDB propellants all gave burrung reactions at the fast rate,
however, the impulse indicated that the RDX propellant gave a more violent P Y PS

reaction compared to the other two propellants (see Fig. 6a and Table 4). Itis
interesting to note that the HTPB/ AN (20:80) propellant gave a relatively high
peak pressure but the impulse was very Jow. On the other hand, the CDB
propellant gave a very low peak pressure over a much longer time.

In assessing the cookoff hazard of rocket motors, it is important to have not only
some indication of the severity of the response, but also to know when to expect a [ ] o
reaction. Thus, a second criteria for cookoff response is the ease of irutiation.
This is given by the reaction temperature and time obtained from the
temperature-time profile. In contrast to explosives, where the reaction ime and
temperature are not very different for different compositions (based on the same
explosive with different binders [3 - 6], these parameters differ significantly fo:

the different classes of propellants and for similar propellants with different ¢ g

binder to oxidiser weight ratios (Table 3). The propellants are ranked according

to their ease of initiation, at the fast and slow heating rates, as follows (propellants

in the same box having a similar ranking):
L ®
® ®
® {4
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® ®
g
DNITIATION TEMPERATURE INITATION TIME
L
Fast Rate Slow Rate Fast Rate Slow Rate
cDB CcDB CDB CDB &)
HTPB/PETN (20801 ! L o
HTPS/PETN 2080y | HTPB/PETN (20801 | HTPB./PETN (2080) ~
HTPB. RDX (20 50, HTPB, RDX {20 8 | HTPB/RDX {208 | HTPB.RDx (2086
1 HTTB: AN (20°80:
Hard HTPB/AD (1285 | HTPB, AN (2080) | HTPB. AN (20 801 ° ®
Soft HTPB/AP (12 86:
HTPB, AP (20 80; Soft HTPR/AP (12 68) | Hard HTPB; AP Hard HTPB/ AP
12'86) bzss.
HTPB. AN (20 50) Hard HTPB. AP (12:88) | Soft HTPB/AP (1256) | Soft HTPB, AP (12 88) . .
|
| HTPB AP(2080) | HTPB/AP(2080: | HTPB, AT (2680 I
i ! J
® ®

The same trends were observed for the initiation times at both the fast and slow
heating rates. However, the trends for the initiation tempetatures are slightly
different for the two heating rates, probably a result of the non-uniform
temperature distribution across the specimen during fast cookoff.

For the composite propellants, the ease of initiation is dominated by the oxidiser ® o ®
type. The PETN and CDB propellants react very quickly and initiate at very jow
temperatures compared to the AP propellants, due to their comparatively low
thermal stability (see Section 3.4 and Table 5). The AP propellants are the hardest
toinitiate. Increasing the plasticizer level substantially increased the reaction
time but the initiation temperature was not altered.
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Table 5: Melting temperature (T,,) and onset temperature for decomposition (ambient
pressure) from DSC

@.,,

Propellant Type Heatnng Rate Meltng First Onwet Second Onset
(*C oun') Temmperasure Temperature Temperature ® L4
*C) Q) (°C)
HTPB/ AP (20:80) s . 294 366 X,
- 20 - 336 397
Hard HTPB/ AP 5 - 296,317 372
(12:88)
- 20 - 320,345 385 g L
Soft HTPB/ AP H - 290, 313 339,315
(12:88)
: 20 - 325.348 365, 370
HTPB/RDX(20:80) s 198 u: .
- 2 205 243 - ® L4
HTPB/PETN(20 80) 5 129 190
: 22 130 20<
HTPB/AN{20.80) s 126, 167 237
: 20 127,169 267
cDB S 196 i o
- 20 21
3.2 Temperature Distribution as a Function of Time
° ® ]
The temperature distribution within the specimen as a function of time, at the fast
and slow heating rates, was measured for the HTPB/RDX (20:80) and HTPB/AP
(20:80) propellants. The HTPB/RDX (20:80) propellant showed a marked
difference in the severity cf the test response when the heating rate was changed.
Temperature distributions as a function of time and, the radial and axial ° Py

temperature profiles are illustrated in Figs. 7 and 8.

In general, at the slow heating rate, almost uruform temperature distribution
across the specimen was achieved after the first 30 minutes; there was never more
than 2°C difference between the propellant surface and the Al liner of the SSCB
apparatus at any one time. For both heating rates, the temperature differznce in
the axial direction is insigniticant (less than 2°C to 3°C at any one time), except on () [}
the propellant surface where there is an air gap and heat loss by convection
through the top end of the SSCB apparatus can occur (see temperature profiles for
thermocoupie positions 3 cf 5 and 2 ¢f 6 in Figs. 7a - d). On the other hand, the
radial temperature distribution is significant and highly dependent on the heating
rate

Our results clearly show that the slow heating rate produced a cookoff reaction b o
beginning at the centre of the propellant (Fig. 8a and b). For the HTPB/RDX
(20:80) propellant, the temperature at the centre became higher than the outer
surface temperature several minutes before wmitiation, due to self heating of the
propeliant. Reactions originating at the centre may be expected to be more
violent than those beginning ut the outer surface because of self confinement and ® Y
decreased heat loss. Reactions whuch originate from the outer surface are more
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likely to result in early rupture leading to venting of the test vessel and pressure
release.

The fast heating rate produced a cookoff reaction beginning at the outer surface
of the propellant (see Fig. 8¢ and d). Temperatures at the surface (thermocouple
positions 2 and 6) are much higher than temperatures near the centre of the
propellant (thermucouple positions 3, 4 and 5). This difference was almost 100°C
and 30°C to 40°C for the HTPB/RDX (20:80) and HTPB/ AP (20:80) propellants
respectively. The much lower temperature at the centre compared to the outer
surface of the HTPB 'RDX (20:80) propellant can explamn its surrrisingly mild test
response at the fast heating rate, because of early rupture and venting cf the SSCB
test vessel.

3.3 Thermomechanical Properties and Relation to Cookoff
Behaviour

A typical DMTA spectrum of a HTPB,’AP propellantis shownin Fig. 9. Dyvnanuc
shear storage and loss moduli (G and G” respectively) and loss tangent (tan 8) are
plotted as a function of temperature. The loss tangent plot shows two major
relaxations - the low temperature glass transition at around -75°C to -82°C, and a
very broad high temperature transition (designated T, here) :n the temperature
range of -35°C to -15°C. They correspond to relaxation of the soft segments
(composed primarily of the HTPB prepolvmer) and of the hard segments
(composed mainly of sequences of the isocyanate curative reacted with the
crosshinker or extender) respectively. The incompatibility of the hard and soft
segments and subsequerit phase separation into separate domains is well
documented for block copolymers and poly(butadiene-urethane) rubbers [7-9. 11-
13).

The G’ vs. temperature plot of a typical HTPB/ AP propellant shows that in the
temperature range -130°C to -80°C the shear modulus is = 1 GPa and the
propellant is in a glassy state, exhibiting brittle mecharical behaviour. In the
temperature range -30°C to 70°C, the shear modulus drops to 1 to .J MPa,
indicative of rubber-like behaviour. Above 70°C, permanent deformanon has
occurred and the propellant is in a 1ubbery-viscous state.  These phase changes
with temperature would have some influence on the heat transfer characteristics
ard geometry of the specimen {14}, and must be taken into account when
modelling the covkofi response.

Comparison of the DMTA spectra of the HTPB/ AP (12:88) propellants with
difierent plasticizer levels indicate that the log G vs. temperature plot for the
more highly plasticized propellant exhubits lower loss shear moduli, and thus,
lower viscosities (1} = G'/w, where 0’ is the in-phase viscosity and w 1s the
frequency). Therefore, plasticizers may be expected to moderate the cookoff
response by decreasing the viscosity or increasing the flow of the matenal. A
more detailed description of the effect of plasticizer level on the
thermomechanical properties and covkoft response of propeilants will be
described n a later paper
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3.4 Thermochemical Properties and Relation to Cookoff b 4 o
Behaviour
Thermal Decomposition
The thermal decomposition, at ambient pressure, of propellants simular to the ones ® [ ]

studied here have been descnibed in detad 1n reference 10 Melting and onse!
temperatures for the thermal decomposition, at 5°C and 20°C mur), are listed in
Table 5
Typical DSC traces are shown in Fig. 10a-f.  Propellants containung AP as an
oxidiser undergo a two-step degradahon process at ambient pressure  The iutial
degradation occurnng in the temperature range 210°C to 230°C has been b o
attributed to the.mal decomposition of the oxidiser and the major decompesition,
occurring in the temperature range 300°C to 400°C, 1s due to a number of
reactions occurnng simuitaneously which include decomposition of the polvmeric
binder and further decomposition of the oxidiser [10)
At ambient pressure, the HTPB/PETN (20:80) and HTPB/RDX (20.80) PS ®
propellants undergo thermal decomposition in the temperature range 150°C to
225°C and 209°C to 230°C respectively  Unlike the AP propellants. only one
major degradation process was observed for these propeliants  The AN
propellant did not show an endotherm at the melting point, ca 170°C, of the
oxidiser. This may be due to the ability of AN to form a stable hiquid at 1ts
melting point [15]. However, above the melting point of AN (see Fig. 10d), a L4 °
large part of the decomposition of the AN propellant 1s endothermic
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Decomposition vs. time curves at various pressures for the HTPB/RDX (20:80) .

and HTPB/ AP (20:80) propellants are illustrated in 11a and 11b. The sigmord-
type curves for the HTPB/RDX (20:80) propellant (Fig. 11a) are typical of thermal ®)
decomposition of pure RDX in the solid-state {16]. Increasing the pressure from ] [ ]
ambient to 1.7, 3.4 and 5.2 MPa, at a heating rate of 5°C min-!, did not alter the
reaction rate of this propellant nor the shape of the curves, indicating that there ¥,

was no change in the decomposition mecharusm when the pressure increased
from ambiert to 5.2 MPa.
The rates of decomposition for the HTPB.' AP (20:80) propellant decreased with ° °
increasing pressure, in the pressure range 0.1 to 5.2 MPa (sce Fig. 1151 consistent
with a unimolecular-type reaction mecharism [16). There was no change in the
general shape of the curve, 1.e. there was no change in the decomposition
mechanism with an increase 1n pressure up to 5.2 MPa.

Table 6: Knenc parameters of prepellants (ambient pressure) ® Y
P:opelant Type Heating Rate Reaction Orger  Activanon Energy In Ay
°Crun; (kI mol:
HTPB. AP 120 89: B 1292 40¢ = 150 Tes
R 06202 13 763 o e
Hard HTPB/ AP 5 0202 2428 365
(1238
: 2 v=10 296 2120 1782
Soft HTPB. AP 5 082C4 409 2 10 782
(12 88)
20 02958 73 412 ¢ . o
HTPB-RDX (20 8 5 10201 93
HTP3.PETN s 12203 PO U TS 3y
(205
HTPE AN (20 8¢ s 102 i o g
2¢ G202 1°: 93
CDB 5 13204 182 HE

k2
©
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Kinetics of Thermal Decompostiion

The kinetic paranieters of the propellants studied here, evaluated by multilinear

regression analysis of equatior. (3), at heating rates of 5 and 20°C nun* and

pressures from ambient t0 5.2 MPa are listed in Table 6. In generai. there was

Iittle change in the kinetic parameters with a change in pressure from ambient to i ®
5.2 MPa.

For the HTPB. AP (20:80), HTPB./PETN (20:80) and H1PB/RDX (20:80)
propeilants, the overzii reaction order, at a heating rate of 5°C rmin:, is unuty
Thus 15 consistent with isolated reactions in the solid phase. The reaction order
for the decomposition processes of these propellants is probably a coniposite
order from a number of reactions such as decomposition of binder, oxidiser. and
their products




(x

When the oxidiser loading level was increased from 80 to 88 weight % (viz. the
hard and soft HTPB/ AP (12:88) propellants), the reaction order, based on a
reaction order described by equation (1), changed to zero, indicating that the rate
of reaction is not solely dependent on the amount of unconsumed propellant. ® ®
The apparent zero order kinetics are consistent wiih the general observation that
the decomposition of some explosives and energetic materials is zero order [17).

Changing the heating rate from 5°C min'! to 20°C min! did not alter the reaction
order but in general. decreased the activation energy, 1.e. the reaction mechanism
was not altered but the decomposition rate increased. Our results suggest that in
modelling fast and slow cookoff reactions, it is ymportant to determune the kinetic ® L
parameters at the appropriate heating rates. However, in the pressure range
studied here, pressure has a less important effect on the kinetc parameters and
reaction mecharusms. Further work on the effect of increasing heating rates
{above 20°C mun'!) and pressures (above 5.2 MPa) will be reported 1n a later

paper.

@

'

4. Conclusions

A modified SSCB test methodology, by which the energy (pressure) output can be
determined, has been developed at EOD to assess the cookoff response of rocket
propellants. Modihcation ot the standard SS(b apparatus did not alter the test
response, reaction temperature, and reaction time. The modified SSCB test is
useful in discriminating between propellants which resporded with simular
damage to the test assembly and gives a more quantitative measure of the ° ® )
reaction violence.

The cookoff response of a scries of in-service and research composition rocket
propellants have been ranked using the standard and modified SSCB test.

Hazard criteria for cookoff response of propeliants should include some

indication of when to expect a reaction, 1.e. reaction time and temperature, in

addition to the severnity of the response.  The AN-based and CDB propellants L ®
gave less violent responses but were much easier to irutiate  The AP-based
propellants were generally very hard to irutiate (relatively long reaction umes) but
gave more violent responses. Increasing the plasticizer level of the HTPB: AP
:12:88) propellant moderated the test response

The HTPB/RDX (20:80) propellant showed a marked difference 1n the test
response when the heating rate was changed At the fast heating rate, the
temperature difference between the outer surface and centre of the propellant was
almost 100°C, whereas at the slow heating rate, almost uniform temperature
distribution was achieved after the first 30 minutes. The heating rate and
propellant geometTy determince the temperature distnbution across the sample
and therefore govern where the cookoff begins and consequently, the reaction L] @
violerice.

The results from this study indicate that the reaction violence of propellants is
governed to a large extent by their themmomechanical properties during cookofi.
and Dynamic Mechanical Thermal Analysis is a useful and a quick means of
deterrmurang the thermornecharucal properties, viscosities, and phase changes of
the propellant with temperature

On the other hand, the - action ime and temperature of prepellants during
cookoff are governed by tne thermochemustry, such as thermal stability and
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decomposition kinetics. Propellants with low thermal stability are easiest to
initate. Heating rate has an important effect on the kinetic parameters and
therefore cookoff response. A change in heating rate from 5°C min'! to 20°C -
min! increased the decomposition rate in all the propeliants. However, pressure Py PY
{in the range 0.1 to 5.2 MPa) has a less important effect on the kinetic parameters
and reaction mechanisms. .
®
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